The use of PCR to generate large amounts of a desired product can be a double-edged sword. Failure to amplify a sample under optimum conditions can lead to the generation of multiple undefined and unwanted products--even to the exclusion of the desired product. At the other extreme, no product may be amplified. A typical response at this point is to vary one or more of the many parameters that are known to contribute to primer-template fidelity and primer extension. High on the list of optimization variables are Mg 2+ concentrations, buffer pH, and cycling conditions. With regard to the last, the annealing temperature is most important. The situation is complicated further by the fact that some of the variables are quite interdependent. For example, because dNTPs directly chelate a proportional number of Mg 2+ ions, an increase in the concentration of dNTPs decreases the concentration of free Mg 2+ available to influence polymerase function.
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given set of reaction conditions. It should be noted that some primers, for reasons that are not entirely apparent, are refractory to optimization. (7) One possible explanation may be that unique characteristics of the target amplicon give a Tm above the temperature of the denaturation cycle segment. (8) In such situations, it may be more time and cost efficient simply to design a second set of primers that hybridize to neighboring DNA.
PRIMER DESIGN
Ideally, PCR primers should have a 40-60% GC content and a 3 '-terminal "G/C clamp" (at least one or two 3' G's and/or C's); be similar in size (18) (19) (20) (21) (22) (23) (24) (25) bases), T m values, and nucleotide ratios; and be free of repetitive motifs, palindromes, excessive degeneracy, and long stretches of polypurines or polypyrimidines. (8~ Fortunately, deviation from any or all of these guidelines is tolerable but may necessitate greater attention to other optimization parameters. Several useful computer programs have been developed to aid in efficient primer design (OLIGO, National BioSciences; GeneWorks and PCGene, Intelligenetics).
CYCLE NUMBER, REAMPLIFICATION, AND PRODUCT SMEARING
Increasing the number of cycles may enhance an anemic reaction, but this modification can also lead to the generation of spurious bands and to smears composed of high molecular weight products rich in single-stranded DNA. (9) Similar smearing can occur under normal conditions if the level of starting template is too high, as often occurs in attempts to reamplify from a previous PCR. A general rule of thumb is to use 1 t~l of a 1:104-10 s dilution of a PCR if a gel band is detectable.
PIPETTING AND THERMAL CYCLER VARIABLES
To minimize pipetting variables, a master mix containing all of the reactants except the Taq polymerase can be made in advance and stored at 4~ for the several days (or even longer) that it might take to run the reactions at each of the selected annealing temperatures. If multiple thermal cyclers are available, it may be tempting to run the reactions concurrently, but small differences in calibration and performance among machines could render the results useless, (1~ particularly for marginal reactions. Also, when running multiple sequential reactions, it is prudent to use the same wells on the sample block to avoid possible well-to-well variations. ~176 At least one manufacturer of thermal cyclers (Stratagene) offers a machine that can run eight different temperature profiles simultaneously in the same block to aid in annealing temperature optimization.
TOUCHDOWN PCR
Touchdown (TD) PCR represents a fundamentally different approach to PCR optimization. (12) Rather than multiple reaction tubes, each with different reagent concentration and/or cycling parameters, a single tube or a small set of tubes is run under cycling conditions that inherently favor amplification of the desired amplicon, often to the exclusion of artifactual amplicons and primer-dimers. Multiple cycles are programmed so that the annealing segments in sequential cycles are run at incrementally lower temperatures (see below). As cycling progresses, the annealing segment temperature, which was selected to be initially above the suspected Tm, gradually declines to, and falls below, this level. This strategy helps ensure that the first primer-template hybridization events involve only those reactants with the greatest complementarity, (i.e., those yielding the target amplicon). Even though the an-ll|llllManual Supplement nealing temperature may eventually drop down to the Tm of nonspecific hybridizations, the target amplicon already will have begun its geometric amplification and is thus in a position to outcompete any lagging (nonspecific) PCR products during the remaining cycles. Because the aim is to avoid low Tm priming during the earlier cycles, it is imperative that the hot start modification (13-1s) be utilized with TD PCR. TD PCR should be viewed not as a method of determining the optimum cycling conditions for a specific PCR but as a potential one-step method for approaching optimal amplification. We have found that a variety of otherwise satisfactory single amplicon-yielding reactions are rendered more robust (i.e., yield more product) when subjected to TD PCR (K.H. Roux and K. Hecker, unpubl.).
TD PCR is of particular value when the degree of identity between the primer and template is unknown. (~6) This situation often arises as primers are designed on the basis of amino acid sequences, members of a multigene family are amplified, or evolutionary PCR is attempted (i.e., amplification of DNA from one species using primers with identity to a homologous segment of another species). In such cases, the mismatches among the primers and template may have lowered the TmS of the target amplicons enough to approach those of the spurious priming sites. Degenerate primers with multiple base variation or inosine residues are often used in such situations, (17-2~) but the greater variety of sequences in the former case and the relaxed stringency in the latter case might tend to increase the chances of nonspecific priming. Moreover, in some cases the locations of potential base mismatches will be unknown. Although TD PCR can be used with degenerate primers, (17) we have shown that nondegenerate primers displaying a significant degree of template--sequence mismatches can yield single-target amplicons of singlecopy genes from genomic DNA under standard buffer conditions. (16) Even mismatches clustered near the 3' end of the primer are tolerated.
NESTED PCR
Nested and seminested PCRs are often quite successful in reducing or eliminating unwanted products while at the same time dramatically increasing sensitivity. (14'22-2s) An initial set of primers straddling the DNA segment of interest is first amplified under standard conditions. Spurious products are frequently primed with one or both primers and contain irrelevant sequences internally. An aliquot of the reaction product mixture is then subjected to an additional round of amplification using primers complementary to the sequences internal to the first set of primers. Only the legitimate product should be amplified in this second round. This approach is often successful even if the desired product is initially below the level of detection by ethidium bromide staining and in the presence of visible spurious bands. Seminested PCR, in which a second primer is internal to only one end of the target segment, can be equally effective. (24) This variation is often required for gene walking or attempts at 5' or 3' RACE (rapid amplification of cDNA ends) in which the template DNA sequence internal to only one of the primers is known.
A second form of artifact, known as jumping PCR, may not be eliminated by nested PCR. Incompletely extended products can occasionally rehybridize to an adjacent segment of DNA, perhaps to a similar gene element, to prime an unintended product. (26) In such instances, sequences internal to one or both primers will still be present, but the amplicon size will differ.
If it is anticipated that nested PCR methods will be employed, better results may be obtained if the first and second rounds of amplification are terminated after 20 or so cycles rather than the usual 30-35. This modification will minimize the chances of generating unwanted high molecular weight bands Manual Supplementllll|ll and smears. (9'24) Such artifacts often contain considerable single-stranded DNA and appear to be the result of mispriming by DNA products amplified in earlier cycles. Nested PCR is extremely sensitive, and as little as a single copy of a viral gene has been detected in a background of 10 6 genomes. (24) HOT START PCR Even brief incubations of a PCR reaction mix at temperatures significantly below the T m can result in primer-dimer and nonspecific priming. Hot start PCR methods (13-1s) can dramatically reduce these problems. The aim is to withhold at least one of the critical components from participating in the reaction until the temperature in the first cycle rises above the T m of the reactants. For example, in smaller assays incorporating an oil overlay, one of the components common to all tubes (e.g., Taq polymerase) can be initially withheld and added only after the temperature rises above 80~ during the first denaturing stage. Alternatively, a wax bead can be melted over the bulk of the reaction mix in each tube and allowed to solidify and the withheld component pipetted on top of the wax cap. These beads can be made in the laboratory (z7'28) or purchased (Ampliwax PCR Gems, Perkin-Elmer Cetus). During the temperature ramp into the first denaturation segment, the wax will melt and the final component will become incorporated and mixed by convection in each tube, a great convenience in dealing with large numbers of tubes. A recent hot start variation involves adding specific anti-Taq polymerase antibody (TaqStart Antibodies, Clontech) to the PCR reaction tubes prior to the addition of Taq polymerase. The antibody prevents polymerase activity from beginning until the rising temperature dissociates and denatures the blocking antibody. This modification is compatible with newer thermal cyclers and techniques that seek to avoid the extra handling and purification steps accompanying oil and wax overlays.
CONTROLS
Negative controls are mandatory in each PCR run to rule out false-positives caused by contamination. All primer sets and each new aliquot of buffer component must be tested. Fortunately, often this can be done in one or two tubes by incorporating all of the reagents except the DNA template. Even if multiple primer sets are being used, all can be run in the same tube. It is often desirable to run positive controls as well to ensure that master mixes have been formulated properly and to aid in optimization. When amplification from genomic DNA or some other low copy number source is attempted, it may be advisable first to optimize with higher-copy dilutions (10310 s copies) of the target DNA segment from a plasmid or phage prep if available. Of course, great care must be exercised not to create contamination problems in the process. Another useful control is to purify irrelevant DNA in parallel with the template-containing DNA. PCR of this template-free DNA will serve as a process control to monitor for contamination picked up during the purification procedure.
CONTAMINATION
The best way to deal with the ever-present threat of contamination is to take every precaution to prevent it from happening in the first place. (29) If the intended target template is from a human source or a common laboratory vector, the chance of contamination is considerably increased. All reagents including primers, templates, and H20 should be stored in multiple small (ideally, single-use) aliquots and freely discarded if suspected of contamination. The use of positive displacement micropipettes and tips or standard S188 PCR Methods and Applications ll|llllManual Supplement micropipettes with filter-plugged tips may be advantageous. Pipetting should be slow and deliberate to minimize the generation of aerosols. Hands should be gloved at all times, and gloves should be changed frequently. A likely source of much contamination occurs when reaction tubes are opened and closed and can take the form of aerosol generation or inadvertent contact with the inner lip of the cap. Loose-fitting gloves tend to aggravate the problem. Tube-opening devices may be useful but can themselves be sources of contamination. Contamination also can be introduced during the purification of the template through equipment and reagents (e.g., homogenizers, reused tube, electrophoresis apparatus, centrifuges, common laboratory buffers, and phenol).
The primary source of contamination in many laboratories is carryover from previous PCRs. It is prudent to keep the workstations, including the pipettes, racks, and reagents used for setting up PCR physically separate from those used for analyzing the reactions (in separate rooms if possible). A particular dilemma arises when secondary amplification is required (i.e., additional cycles are needed, a reamplification of a previous reaction is desired, or two-step protocols such as nested PCR are conducted). In such cases, sterile, uncapped tubes containing all of the reactants except the diluted template and Taq polymerase (withheld for hot start) are placed on a freshly prepared "sterile" field (i.e., a fresh sheet of plastic wrap or foil) to receive an aliquot of the first amplification product. Care is taken not to touch the tubes or rack with anything (including gloved hands) but the pipette tip during the transfer process. With a fresh pair of gloves, the tubes and rack can be transferred to the thermal cycler for further processing.
No matter how much care is exercised, contamination may occur on occasion. Several methods for dealing with this eventuality have been described. Environmental surfaces, including pipettes, can be decontaminated by wetting with a 0.07 M sodium hypochlorite (i.e., 10% Clorox bleach) solution. (3~ This method has been found to be more efficient and less corrosive than decontamination with HC1. UV irradiation of the work station is also beneficial, though dried DNA is much less susceptible to UV damage than hydrated forms. Containers, racks, and micropipettors, if permissible, should be autoclaved. Also, reagents can be decontaminated with UV light. (31, 32) The various components of a reaction mix display dramatically different sensitivities to UV-induced irreversible denaturation. (33) Because dNTPs in the concentrations used in PCR are strong absorbers of UV irradiation and can effectively block decontamination efforts of final reaction mixes, it is advisable to decontaminate individual stock reagents or at least to withhold the dNTPs (perhaps in conjunction with hot start) until after reaction mix decontamination. Primers vary widely in their susceptibility to UV-induced denaturation depending, in part, on the likelihood of thymine dimer formation.
MgC12, stock 10• buffers, and dNTPs are UV insensitive, whereas Taq polymerase is UV sensitive. (33) The nature of the contaminant also influences the effectiveness of decontamination efforts. DNA of <250 bases is neutralized less effectively. To decontaminate, place reaction components, less Taq polymerase and template, in clear reaction tubes on a Fotodyne 1000 transilluminator containing 254-and 300-nm UV bulbs or Photodyne Foto/Prep I (without transparent cover) with 300-nm bulbs or similar devices for 10-20 min. The 300-nm irradiation alone can be used but is somewhat less effective. A 10-min treatment in a Stratalinker 1800 (Stratagene) set to deliver 100 mJ per min at 254 nm can also be used. (2) Other approaches to decontamination include ~ irradiation, (34) digestion with restriction endonucleases, (3s,36) DNaseI, (3s) exonuclease III, (37) isopsoralen treatment, (a8'39) incorporation of dU into PCR products followed by uracil-N-glycosylase (UNG) digestion, (4~ and centrifugal ultrafiltration. (41) None of these additional approaches is ideal. An appropriate ~/-ray source is frequently not available. Enzymatic digestions usually entail additional manipulations, which increase the risk of contamination.
The last two approaches are primarily directed at treating PCR products so as to render them incapable of serving as templates (i.e., preventing amplicons from serving as sources of carryover contamination for future PCRs). Isopsoralen derivatives are thermostable molecules capable of forming polymerase-inhibiting monoadducts upon photoactivation in the 320-to 400-nm light range. Isopsoralens can be conveniently added during PCR setup and subsequently activated by UV exposure to sterilize PCR products after amplification but before tube opening. (3a'39) The amount of isopsoralen added per tube depends on experimental conditions. Taq polymerase readily incorporates uracil in place of thymine into PCR amplicons. As a consequence, UNG can be used to digest previously amplified uracil-containing amplicons that might otherwise be contaminating a fresh PCR reaction mix. (4~ UNG depyrimidinates uracil residues to block polymer extension and increase the rate of strand hydrolysis. UNG is not reactive with free dUTP and is thermolabile. Consequently, 5 ng of UNG can be added to a PCR mix and incubated for 15 min to digest uracil-containing DNA. The UNG is denatured during a 5-min incubation at 94~ preceding a normal PCR cycling program. Kits and reagents for UNG decontamination are available from GIBCO-BRL and Perkin-Elmer Cetus. One drawback to these procedures is that neither isopsoralen nor UNG treatments will be effective against contamination originating from sources other than carryover from previous PCRs.
NO PRODUCT
You have adjusted the Mg 2 § concentration, buffer pH, and cycling parameters; added more cycles; tried lower annealing temperatures and TD PCR; and still no product is seen on ethidium bromide-stained gels (acrylamide gels are considerably more sensitive than agarose gels). What is the next step? Lengthening the initial denaturation step and/or increasing temperature will increase the likelihood that the template DNA is fully denatured to provide the maximal number of priming sites. Standard conditions for this optional step are 5 min at 95~ An in-tube thermocouple can be used to predetermine that the indicated temperature will correspond to the actual sample temperature.
Amplification may have occurred but may have been inefficient. If so, the amplicons can be revealed by a probe of the dried gel or a blot. A secondary amplification using the same primers or, preferably, nested primers may be all that is needed to generate a specific product. Serial 10-fold dilutions ranging from 1:100 to 1:10,000 should be used.
INHIBITORS
Poor or nonexistent amplification may indicate the presence of inhibitors in the DNA sample. Numerous inhibitors of PCR have been described. These include ionic detergents (e.g., SDS and Sarkosyl), (4z) phenol, heparin, (43) The example given is TD PCR, but the same principles apply to conventional PCR.
1. Design an optimal primer pair on the basis of considerations discussed above.
2. Calculate or estimate approximate Tin. Program the thermal cycler for TD PCR as described below. by one cycle (i.e., to three cycles/degree). Doing so may necessitate removing terminal cycles to prevent smearing.
(4) Vary concentrations of other buffer components (pH, Taq polymerase, dNTPs, primers). (5) Attempt band purification followed by reamplification. Target bands can be cut from gels and allowed to diffuse out or be liberated by freeze/thaw cycles or gel digestion. Alternatively, a small plug of gel can be removed with a micropipette tip, or most simply, by stabbing the band directly in the gel with an autoclaved toothpick (plastic may be preferable) (4s) and inoculating a fresh reaction tube. (6) Reamplify 1:104 and 1:10 s dilutions of first reaction using nested primers. (7) Abandon primer set, design new primers, and begin again.
TOUCHDOWN PCR PROGRAMMING
The goal in programming for TD PCR is to produce a series of cycles with progressively lower annealing temperatures. The annealing temperature range should span -15~ and extend from at least a few degrees above the estimated T m to -10~ below. For example, for a calculated primer template Tm of 62~ with no degeneracy, program the thermal cycler to decrease the annealing temperature 1~ every second cycle (i.e., run two cycles per degree) Manual Supplementlllllll from 65~ to 50~ followed by 15 additional cycles at 50~ Some thermal cyclers (Perkin-Elmer model 9600 and MJ Research model PTC-100) readily accommodate TD PCR and are easily programmed to decrease the temperature of a segment automatically by a fixed amount per cycle (e.g., 0.5~ cycle). For others, a long series of files must be linked or extensive strings of commands entered. In these latter cases, it may be more convenient to create a generic TD PCR program covering a broader temperature range (-20~ than to reprogram every time the range needs to be modified by a few degrees. Another alternative to programming restrictions and inconvenience is to use fewer but more abrupt steps (e.g., seven 2~ steps, or five 3~ steps); doing so may decrease the chances for discriminating among products with two closely spaced TmS.
The continued presence of spurious bands following TD PCR indicates that the initial annealing temperature was too low, that there is a relatively small gap between the TmS of the target and unwanted amplicons and/or that the unwanted amplicon is being more efficiently amplified. Raising the number of cycles per 1~ descending step to three or four will give the target amplicon added competitive advantage before the initiation of the spurious amplification. A proportional number of cycles should be removed from the end of the program to prevent excess cycling and the concomitant degradation of the amplicon and generation of high molecular weight smears.
Modifications of TD PCR for use with degenerate and mismatched primers include lowering the annealing temperature range (e.g., 50~ declining to 35~ while keeping the last 15 cycles at >50~ (once priming has begun, the primers are fully complementary to the newly formed amplicons, have a much higher Tin, and do not benefit from excessively low annealing temperatures).
CONDITIONS FAVORING ENHANCED SPECIFICITY
Adjusting conditions in the direction opposite to that listed below usually favors increased sensitivity (i.e., more product) and the concomitant risk of nonspecific amplification. The aim is to strike a balance between these two opposing tendencies. ( 1' and ~ signify increase and decrease, respectively).
Use hot start Use TD PCR (favors enhancer specificity and sensitivity) Optimize primer design Mg 2+ dNTP (also favors higher fidelity) Optimize pH $ Taq polymerase $ cycle segment lengths $ number of cycles 1' annealing temperature $ inhibitors 1' ramp speed 1' chance that target temperature is achieved in each tube Add and optimize enhancer(s) primer concentration $ primer degeneracy 1' template denaturation efficiency
